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The impurities that may be present in NADH preparations can strongly inhibit LDH1 and other important enzymes (1) . We have been interested in developing methods that would enable us to determine these enzyme inhibitors in NADH, as well as other impurities that may impair the results of clinical assays in which NADH is used. Previously we reported on the use of spectrofluorometry for measuring impurities in NADH that absorb at 340 nm (2) . We importance of the 260/340 nm absorbance ratio as a test of purity of NADH preparations (1, 3) , a criterion that was subsequently amplified (4) . More recently, we have described an improved ion-exchange chromatographic purification of NADH, and a rapid means for assessing the purity of NADH preparations by HPLC (5). As part of our overall objective, which is to develop NADH as an NBS Standard Reference Material, we used commercial NADH and a chromatographically purified NADH in the present studies to show the utility of kinetic measurements with purified LDH for detecting the presence of inhibitors (6) (7) (8) .
For this purpose an experimentally determined Michaelis constant (Km) has been used.
In the Michaelis-Menten model, Km is nearly independent of enzyme activity, but dependent on the purity of the substrates and the presence of inhibitors or activators of the enzyme. Our study indicates, however, that the Km for LDH is sensitive to enzyme concentration, and only by working at a constant enzyme activity can Km LDH isoenzyme-1 (pig heart) and isoenzyme-5 (pig muscle) were obtained from Boehringer Mannheim Corp., and LDH isoenyme-1 (beef heart) was obtained from Sigma Chemical Co. Sodium pyruvate was obtamed from J. T. Baker Chemical Co., Phiffipsburg, N. J. 08865, and from Sigma Chemical Co. All other reagents including bovine serum albumin were of the highest quality commercially obtainable. The enzyme preparations were tested for protein homogeneity, as follows: The enzymes were first separated from (NH4)2SO4 by use of a column containing G-100 Sephadex, with use of NH4HCO3 buffer, and then subjected to electrophoresis on acrylamide gel in a 4% stacking gel and a 7.5% running gel. The separated proteins were stained with Coomassie Brilliant Blue. By this means it was found for pig LDH-1 that about 85% of the enzyme protein was within a single protein band, the remainder being in a position corresponding to LDH-5. In the case of the LDH-5, only LDH-5 was found, corresponding to 90% of the total protein concentration; no bands corresponding to other LDH isoenzymes were detected. Electrophoresis of beef heart LDH-1 revealed a single protein band containing about 90% of the total protein in the sample.
The 
Methods

Kinetic assays.
The experimental procedure for making rate measurements was designed to minimize decomposition of reactants.
Dry NADH was stored over silica gel and anhydrous calcium sulfate (Drierite) in an evacuated vacuum desiccator at 4 #{176}C, to avoid uptake of moisture and consequent formation of inhibitors (6) . NADH (brought to room temperature) was weighed on a balance that was within a glove bag containing a desiccant to help protect the weighed sample and the remaining supply of NADH from moisture. Aqueous ammonium bicarbonate (0.11 mol/liter, pH 7.9) was used as buffer for all kinetic tests unless otherwise stated.
Solutions of NADH and sodium pyruvate were prepared each day, and these were stored in an ice bath until used. Enzyme solutions were prepared from the commercial ammonium sulfate suspensions immediately before rate measurements were to be made. For this 10 l of a stirred ammonium sulfate/enzyme suspension was diluted to 5 ml with the ammonium bicarbonate buffer. The absorbance of the solution was measured at 280 nm to check that it was 0.022 ± 0.002, so as to provide a measure of reproducibility of the aliquoting. Then 1.0 ml of this solution was diluted to 5 ml with an ammonium bicarbonate buffer to which 140 mg of human serum albumin had been added per 100 ml of buffer.
The activities of the enzymes at 25 #{176}C were evaluated from the ratio of the change in 340-nm absorbance per mm and 6.31 X 10-s, which is 10-6 times the numerical value of the recently reported molar absorptivity (9) of NADH. The following conditions were used: the NADH concentration was 66.7 mol/liter, the pyruvate concentration was. 1.20 mmol/liter, and the assay was run at 25 #{176}C in the ammonium bicarbonate buffer. Under those conditions, the activity of the pig heart LDH-1 was found to be 2.48 ± 0.05 U (41.3 ± 0.8 nmol/liter per second) per milliliter of reaction mixture and the pig muscle LDH-5 was 1.77 ± 0.03 U (29.4 ± 0.6 nmol/liter per second) per milliliter of reaction mixture.
Rate measurement mixtures were prepared with the aid of the automatic pipettor, by mixing 50 l of the dilute enzyme (in the albumin-containing buffer) with such volumes of NADH and buffer solutions that the NADH concentrations in the tests ranged from 5 to 40 iimol/liter. At each NADH concentration for which a rate measurement was made, four samples were used. One was diluted with 100 d of distilled water, and, after mixing, its absorbance at 340 nm was measured, to deterntine the actual quantity of NADH present. Rate measurements were made on the three other samples after the addition of 100 d of 0.60 mmol/liter pyruvate solution. Test-solution volumes were 3.2 ml. Values for apparent Km and maximal velocities (V) were calculated from Lineweaver-Burk plots (10) .
Results
Apparent
Km values were obtained with LDH-1 (from pig heart) or LDH-5 (from pig muscle), a uniform quantity of sodium pyruvate, and a variety of very good quality preparations of NADH.3 A summary of these values as averages is shown in Table 1 . Table 2 provides a comparison of apparent Km values obtained with some very high-quality commercial NADH preparations, used as received and after purification by column chromatography on DEAE-cellulose.
In contrast, the use of impure samples of NADH under the specified assay conditions yielded values of apparent Km as high as 20 or as low as 4 imol/liter.
The following results indicate that the DEAE-celluFor the purposes of this paper a commercial NADH preparation was considered to be of high quality if it was essentially color free, had a 260/340 nrn absorbance ratio of less than 2.32, and on chromatography was relatively free of impurities other than NAD.
2.87
6.00 0.71 lose chromatography provided highly pure NADH for these measurements. Figure 1 shows the absorbances of NADH fractions, measured with the Cary spectrophotometer, at 260 and 340 nm as a function of fraction number as the NADH eluted during preparative chromatography on DEAE-cellulose.
Values for the 260/340 nm absorbance ratio became constant at 2.263 ± 0.002 (1 SD) between fractions 66 and 90. Rate measurements made on 13 of the fractions bet .veen fractions 52 and 90 were found to be alike within 4%. Rate measurements with like fractions from similar experiments showed that the variation in measured rates was random. (The between-run correlation coefficient of rates on corresponding column fractions was 0.518.) There was no significant difference between the rates for fractions 72 to 78 and the others shown in Figure 1 , even though the absorbance ratios of these fractions were slightly elevated. In addition, HPLC of several of the fractions having the 2.263 absorbance ratio revealed no component other than NADH (Figure 2 ). For comparison, Figure 2 also depicts the chromatogram of the NADH preparation before its purification by DEAE-cellulose chromatography.
Lineweaver-Burk plots of the rate data may reveal the presence of impurities in NADH in one of three ways.
One is the curvature of the plotted data. This effect is ifiustrated in Figure 3 ( Figure 1 The ntm,bers at the breets in the ctwomatoWams shown In this paper represent the attenuation factors from a mwdnun sensitivity of 0.02 A at 254 mt end 0.01 A at 340 nm. The flow rate was about 0.6 mI/mm were obtained by using chromatography fractions of impure NADH (i.e., fractions numbers five to 54 of Figure 1 , whose absorbance ratio was 2.70). The upward concavity contrasts with the linear plot (lower curve) of the data from measurements with the pure fractions of NADH. At all concentrations of the impure NADH, the rates are lower, and the rate lowering is most pro- nounced at the high NADH concentrations. HPLC of this impure NADH, illustrated in Figure 4 , reveals that it contained many impurities. The presence of adenine nucleotides is a probable cause for this rate reduction A second manifestation in Lineweaver-Burk plots of the presence of inhibitory impurities in NADH is a higher slope than that for pure NADH, as is illustrated in Figure 5 with a commercial NADH that contained considerable inhibitor (upper set of points), whereas a commercial NADH containing little inhibitor (lower set of points) provided a normal slope and an apparent Km typical of the pure NADH.
A lower slope in the Lineweaver-Burk plot is a third effect of the presence of impurities. For example, Figures 6 and 7 show the HPLC of NADH taken one day and seven days, respectively, after a sample of NADH had been purified by chromatography on DEAE-cel- 
Fig. 6. HPLC (iBondapak C18)of NADH performed at 38 h after purification by DEAE-cellulose chromatography
Conditions same as for FIgure 1. IPLC sensitivity, attenuation and flow rate same astor Figure 2 lulose. The large peak at the left in each chromatogram is NADH. Rate measurements on this purified NADH were essentially identical when measured 6 and 30 h after the NADH came off the column; however, six days later when the presence of new components was made evident by HPLC, the data provided a lower slope in a Lineweaver-Burk plot. The plot of the data obtained with this seven-day-old sample and that for a pure reference NADH sample run for comparison are shown in Figure 8 . An increased 260/340 rim absorbance ratio was also found on the seventh day (Table 3) . The Impure NADIIpreparation is the same as that used for HPIC in FIgure 7 The apparent Km for .pure NADH measured at saturating substrate concentrations was found to be 26.0 ± 0.63 tmol/liter (±1 SD) for pig LDH-1 in NH4HCO3 buffer (0.11 mol/liter, pH 7.9 at 25#{176}C). Intercept plots (12) derived from Lin#{233}weaver-Burkplots for pyruvate at a series of NADH concentrations were used to obtain this value. For pig LDH-5, however; the value of the apparent Km, 23.3 ± 4.6 imol/liter, was obtained by (a) plotting Km as a function of the reciprocal of pyruvate concentration, (b) linearizing the curve by choosing a power of the reciprocal and replotting, and (c) extrapolating to infinite pyruvate.
DiscussIon
Use of rate measurements for evaluating NADH preparations suffers from the nonexistence of standard enzyme and substrate. In dealing with this problem, we chose to use porcine LDH-1 (from heart) and LDH-5 (from muscle) because they are available commercially in relatively pure form and because these enzymes are known to be very similar to human LDH (13) . Several different lots of such LDH-1 and LDH-5 were used in making the Km determinations summarized in Table  1 . As my be #{235}pected with use of the less stable LDH-5, the range of apparent km values found is larger than with the LDH-1; jiowever, the averages are similar. A single determination of apparent Km made with a good-quality NADH preparation and beef heart LDH-1 yielded the value 9.40 mol/liter, which is within the ranges of values found with the two porcine isoenzymes. Thus, the apparent Km values for relatively pure NADH are quite alike for these isoenzymes, and deviations of apparent Km from the narrow range of values tabulated can be cOnsidered indicative of the presence of enzyme inhibitors in NADH preparations.
In Table 2 we compare the apparent Km values found for four other very high-quality commercial preparations of NADH, used as received, and for the NADH obtained after their chromatographic purification; the apparent Km values do hot differ significantly.
For these studies the pyruvate concentration used was 0.6 mrnol/liter, a choice that accords with a recommendation of the German Society of Clinical Chemistry
(14).
The NH4HCO3 buffer used for the chromatography was also used as the buffer for the ki#{241}etic assays because we wished to make rate comparisons of NADH before and after chromatography on DEAE-cellulose.
Reaction rates for the LDH/NADH/ pyruvate system in ammonium bicarbonate buffer were found to average 93.5% of the rate obtained in a tris(hydroxymethyl)aminomethane HC1 buffer, and this rate relationship between these buffers was constant with time.
The data of Figure 1 indicate that the material eluting in a major portion of the NADH fraction in preparative DEAE-cellulose chromatography has a nearly uniform 260/340 nm absorbance ratio, namely, 2.263 ± 0.002. The value 2.265 ± 0.02 was recently obtained by a somewhat related method of chromatography (4). Figure 1 also shows the relatively uniform kinetic activity of this NADH in the LDH-catalyzed reduction of pyruvate. The homogeneity of these NADH fractions is further demonstrated by the HPLC illustrated in Figure 2 . We believe that these properties signify that pure NADH is obtained by this chromatography, and that the properties of pure NADH can be established by measurements of this chromatographically purified material.
For the LDHINADH/pyruvate system at saturating substrate concentrations Km (and V) cannot be determined directly, because the high concentrations of pyruvate needed would result in a rate-inhibition caused by the formation of the NAlY/enzyme/pyruvate complex. Therefore, the extrapolation method developed by Dalziel (12) , which makes use of "secondary plots," has been used to obtain values for Km and V. However, for this method to be used, many measurements must be made. As a more efficient alternative, we measured apparent Km values at "less than infinite" pyruvate concentration.
When considering the effects that inhibitors produce on the shape of Lineweaver-Burk plots, it should be borne in mind that in the usual studies of inhibitors the inhibitor is present at constant concentration for each Lineweaver-Burk plot, and in those studies a series of such plots is usually examined with inhibitor at differing concentrations.
However, in the present study with a substrate that is contaminated with inhibitor(s), the experiment is constrained to a constant ratio of inhibitor to substrate (the NADH). As a consequence, the double reciprocal plots present a different appearance.
When the same solutions of enzyme and pyruvate are used for comparing different NADH preparations over several concentrations, Lineweaver-Burk plots of the data can reveal the presence of inhibitors. For our experimental situation in which for a given NADH preparation there is a fixed ratio of inhibitor to NADH, inhibition is most evident at the highest NADH concentrations, a behavior probably caused by the formation of a relatively more stable complex of LDH with inhibitor than with NADH. At the higher concentrations of NADH, the LDH activity is decreased because of the concomitantly enlarged proportions of inhibitor relative to the enzyme. The formation of such a relatively more stable inhibitor/LDH complex would result in concave upward curvature of a Lineweaver-Burk plot and in a decreased value for K if the data were fitted by a least-squares method. This effect is one of the three manifestations of inhibition we observed. Figure 3 illustrates this type of rate lowering at the higher NADH concentrations.
It has been previously reported that a small deviation from linearity is intrinsic to the LDH/pyruvate/NADH reaction when the reaction is at sufficiently high enzyme concentrations, and that this deviation is manifested kinetically a few seconds after the reactants are mixed (15, 16) . This deviation is said to be due to the formation of a ternary abortive complex between LDH, NAD+, and pyruvate. However, in our experiments only linear plots were obtained with chromatographically pure NADH in the concentration range 5-40 iimol/liter, and with 0.6 mmolfliter pyruvate and 2.5 kU/liter or less of LDH-1 enzyme activity. In our work, concavity was observed only with NADH that was contaminated by inhibitor.
The higher slope of Lineweaver-Burk plots with impure NADH as compared to the slope obtained by use of highly purified NADH, which is a second manifestation of inhibition, is illustrated in Figure 5 .
An NADH preparation that provides a lower than optimal slope in a Lineweaver-Burk plot ( Figure 8 ) is a third manifestation of inhibition. The data in Table  3 indicate that after seven days (at 4 #{176}C in a nitrogen atmosphere)
impurities were present in a solution of column-purified NADH. The chromatograms shown in Figures 6 and 7 reveal the change in composition that occurred after this storage interval. The higher absorbance ratio of the aged solution as well as the values for apparent
Km and V also show that the purified NADH had undergone appreciable deterioration. The values of apparent Km, measured under the conditions described, incorporate an error which arises from the occurrence of the inhibitory pyruvate/ LDH/NAD complex. However, because the time frame is constant and the pyruvate concentration uniform, the complex can be expected to exert a constant effect on the value of the apparent Km,5O that the apparent Km values determined as described should remain appropriate for the evaluation of the purity of the NADH.
The apparent Km values found at saturating substrate concentrations (26.0 ± 0.63 tmol/liter for pig LDH-1, 2.48 U; 23.3 ± 4.6 timol/liter for pig LDH-5, 1.77 U; 0.11 mol/liter NH4HCO3 buffer, pH 7.9,25#{176}C) may be compared with values obtained by other investigators. Values that were reported by Ainslie (17) for the apparent Km for LDH-1 in 50 mmol/liter tris(hydroxymethyl)aniinomethane HC1 buffer, (pH 9.0 and 25 #{176}C) are 5.0 ± 0.7 zmol/liter (where the enzyme turnover number based on the concentrations of active sites was 10000 ± 300 min') and 5 ± 3 mol/liter (where the enzyme turnover number based on the concentrations of active sites was 7100 ± 200 min'). The value 11 jimol/liter (enzyme activity, 360 U/mg at 25 #{176}C) was reported for pig heart LDH at pH 7.5 by Gruber et al. (13) .
Considering all of our experimental results, we recommend the following criteria for NADH purity:
1. 260/340 nm absorbance ratio of 2.263 ± 0.002, in 0.11 mol/liter ammonium bicarbonate buffer, pH 7.9, or 18 mmol/liter ammonium carbonate buffer, pH 10.2, at 25 #{176}C.
2. Apparent Km values in 600 tmo1/liter sodium pyruvate and bicarbonate buffer (0.11 mol/liter, pH 7.9) at 25 #{176}C: 8.11 ± 0.71 zmol/liter (when tested with pig heart LDH-1, enzyme activity 2.48 ± 0.05 U/mi of reaction mixture), and 8.57 ± 1.58 mol/liter (when tested with pig muscle LDH-5, enzyme activity 1.77 ± 0.03 U/ml of reaction mixture).
3. Fluorescent residual less than 0.1% (2). 4 . Chromatographic purity by HPLC (5).
